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The chemical composition of donors in AM C Vn stars and 
ultra-compact X-ray binaries: observational tests of their formation 
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ABSTRACT 

We study the formation of ultra-compact binaries (AM CVn stars and ultra-compact X-ray 
binaries) with emphasis on the surface chemical abundances of the donors in these systems. 
Hydrogen is not convincingly detected in the spectra of any these systems. Three different pro- 
posed formation scenarios involve different donor stars, white dwarfs, helium stars or evolved 
main-sequence stars. Using detailed evolutionary calculations we show that the abundances 
of helium white dwarf donors and evolved main-sequence stars are close to equilibrium CNO- 
processed material, and the detailed abundances correlate with the core temperature and thus 
mass of the main-sequence progenitors. Evolved main-sequence donors typically have traces 
of H left. For hybrid or carbon/oxygen white dwarf donors, the carbon and oxygen abundances 
depend on the temperature of the helium burning and thus on the helium core mass of the pro- 
genitors. For helium star donors in addition to their mass, the abundances depend strongly 
on the amount of helium burnt before mass transfer starts and can range from unprocessed 
and thus almost equal to CNO-processed matter, to strongly processed and thus C/O rich and 
N-deficient. We briefly discuss the relative frequency of these cases for helium star donors, 
based on population synthesis results. Finally we give diagnostics for applying our results to 
observed systems and find that the most important test is the N/C ratio, which can indicate 
the formation scenario as well as, in some cases, the mass of the progenitor of the donor In 
addition, if observed, the N/O, O/He and O/C ratios can distinguish between helium star and 
white dwarf donors. Applied to the known systems we find evidence for white dwarf donors 
in the AM CVn systems GP Com, CE 315 and SDSS J0804H-16 and evidence for hybrid white 
dwarf or very evolved helium star donors in the ultra-compact X-ray binaries 4U 1626-67 and 
4U 0614H-09. 
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1 INTRODUCTION 

AM CVn stars and ultra-compact X-ray binaries (UCXBs) are 
interacting double stars with orbital periods less than about 
one hour, with white dwarf o r neutron star a ccretors (e.g. 
IVerbunt & van den Heuveil 1 19951 : iNelemansI |2006|) . This distin- 
guishing property implies that the orbits are so tight, that only 
compact, evolved donors, such as helium stars, white dwarfs or 
low-mass stars with hydrogen-deficient envelopes, fit in. Indeed 
the optical spectra of these systems lack any convincing sign of 
hydrogen but instead show helium lines in abso rption or emis- 
sion in the AM CVn systems (e.g. IWarnej 1995|), or weak C/O 
or He/N lines in emission in the UCXBs jNelemans et al J 1 20041 : 
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IWerner et al] l2006l : iNelemans et"ai] l2006l: lin't Zand et alj l2008h . 
For one of the UCXBs. 4U 1626-67'S chulz et aLlfeOOlb have found 
double peaked O and Ne lines in the X-ray spectrum. The short or- 
bital periods and close proximity of AM CVn stars and UCXBs 
make them the brigh t est Galactic gravita tional wave sources (e.g. 
INelemans et al.ll2004l : lRoelofs et al.ll2006h . 

In recent years many new ultra-compact binaries have 
been discovered (e.g. Roelofs et al. '2005": Anderson et al. 2003, 
2008; Roelofs etal. 2009: Dieball et al. 2005; Bassa et al. 20o5; 
in't Zand et al.l2007l) . bringing the total number of known AM CVn 



stars to 22 and the known number of (candidate) UCXBs to 27. 

Three formation channels have been proposed for the for- 
mation of interacting ultra-compact binaries, schematically de- 
picted in Fig. [T] (for more details see, e.g. INelemansI |2005| ; 
IPostnov & Yungelson 2006) . 
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Figure 1. Sketch of the period - mass transfer rate evolution of the binaries 
in the tliree proposed formation channels (the dashed line shows the de- 
tached phase of the white dwarf channel). For comparison, the evolutionary 
path of an ordinary hydrogen-rich CV or low-mas X-ray binary is shown. 



• The white dwarf channel. The first channel is a com- 
pact binary of a low-mass white dwarf with a compact companion 
(higher-mass white dwarf or neutron star) with an orbital period 
short enough that angular momentum loss by gravitational wave 
radiation drives the stars into contact within the age of the Uni- 
verse (e.g.lPringle & Webbin]<lll975l : lTutukov & Yungelsoij l 19791 : 
iNather et alj|l98ll . see Fig. [TJ. The low-mass white dwarf donor 
fills its Roche lobe and starts mass transfer to the companion. 
For a sufficiently low mass ratio of the components, the system 
may enter stable mass transfer and evol ve to longer periods (see 
I Yungelson et alj2002l: [Marsh et aljiool and references therein). 

• The helium star channel. Alternatively, the direct progeni- 
tor of the donor star may be a helium core burning star that overfills 
its Roche lobe, transferring mass to a white dwarf or neutron star 
jSavoniie et alj.1986; Iben & Tutukov 1987: Tutukov & Fedoroval 



ll989l : lErgma & Fedorovdlll99JiTutukov & Yuiigelsonlll996l) . The 

ensuing mass transfer is stable if the helium star is not much more 
massive than the accreting star. The binary evolves to shorter pe- 
riods owing to angular momentum loss by gravitational wave ra- 
diation at typical mass-transfer rates of a few 10^* M© yr~^ (see 
Fig. |4] below). This stage of evolution lasts for 10^ — 10^ yr. At a 
some point the shortening of the period is turned around. This is 
due to a change in the mass-radius relation of the donor as it be- 
comes degenerate and its chemical composition changes. The star 
begins to grow as it loses mass and the orbit must expand to accom- 
modate it. Note that mass transfer from a less to a more massive star 
generally expands the orbit and now the mass-transfer rate adjusts 
so that this expansion sufficiently dominates the shrinkage driven 
by angular momentum loss (for more details see lYungelsonil2008h . 
The orbital period Porb attains a minimum, which is typically 
close to 10 min and the system then evolves to longer Porb- Af- 
ter several hundred million years the donors become homogeneous 
degenerate objects and the helium star and white d warf families 
of ultra-compact binari es become indistinguishable jPelove et al.l 
l2007l : lYungelsonl l 2008h . Because of the lifetimes of the various 
phases of evolution the overwhelming majority of ultra-compact 
binaries formed via the helium-star channel should be seen in the 

post- Porb, mi 11 • 

• The evolved main-sequence star channel. The third chan- 
nel starts with a main-sequence star transferring mass to a white 
dwarf or neutron star. This is a cataclysmic variable (CV) or 



low-mass X-ray binary (LMXB). If the main-sequence star be- 
gins mass transfer sufficiently late on the main sequence and if 
sufficient angular momentum is lost, by for instance magnetic 
braking, the hydrogen deficient core of the donor can be ex- 
posed during mass transfer so that the star evolves to far be- 
low the usual period minimum for po p ulation-I CVs (of about 



, Paczvnski &Sienkiewicz"l98l'; ' Thorstensen et alj |2002| : 

IWillemsetalj|2005l : 



Giinsicke et al. 2009). 
to a period 



rmnimum 



In the most extreme 
of around 10 min 



they can fa ll 

(e.g. iTutukov et alJI 19851: iNelson et aPl 19861: iTutukov et al.ll 19871 : 



IPodsiadlowski et alj2003l : lNelson & RappaportlbOOSl) . 

One of the problems to distinguish these different formation 
channels is that they more or less lead to the same donors, very 
low-mass degenerate dwarfs. Studies of the population of objects 
in the phase before they become ultra-compact binaries could give 
insight into the origin of ultra-compact binaries. However, currently 
the putative progenitors are not observed in large enough numbers 
for such a study. 

An alternative is to study the details of the chemical compo- 
sition of the donor-stars ^Nelemans & Toulll2003h . which show up 
in the optical or X-ray spectra of these systems as discussed above, 
or alternatively for UCXBs in the properties of the thermonuclear 
explosions (type I X-ray bursts) that occur on the surface of the 
accreting neutron stars (e. g. Bildsten| |l995l : iBildsten et al.ll2006l : 
lin't Zand et al.ll2005l : ICumming>.2003) . 

In this paper we model the chemical composition of the donor 
stars in ultra-compact binaries in detail to find out whether this can 
distinguish between the different proposed formation channels. In 
Section |2] we present the detailed calculations of the donor abun- 
dances and in Section [3] we investigate the distribution of abun- 
dances that is expected for the different formation channels. In Sec- 
tion|4]we develop a set of diagnostics that can be used to distinguish 
the formation channels given observed abundances or abundance 
ratios or limits thereon and apply these results to observed systems 
in Section|5] We summarise and discuss our results in Section[6l 



2 ABUNDANCE PATTERNS IN THE DONORS OF 
ULTRA-COMPACT BINARIES 

For all calculations we us e d the Eggle t on stellar evolu- 
tion code TWIN f Eggleton 'l97l|, 1 19721 : IPoIs et al.l 1 19951 : 
lEggleton & Kiseleva-E ggleton 2002, Eggleton 2006 , private com- 
muni catio n), with opac ity tables t aken f rom OPAL ( Iglesi as et al.l 
1 19921) and lAIexander & Ferguson! h994) Convection is modelled 
by mixing length theory i Bohm-Vitensd [l958l) with the ratio of 
mixing length to pressure scale height l/Hp — 2.0. Mixing is 
modelled by a diffusion equation for the abundances. Zero-age 
main-sequence stars have solar metallicity (X = 0.70, Z = 0.02). 
The code explicitly follows the abundances of H, He, C, N, O, ^^Ne 
and Mg and uses the the pp-chain and CNO bi-cycle for hydrogen 
burning and 3q and ^^C{a, 7)^''0 reactions for helium burning. 

We model angular-momentum l oss by magnet ic braking ac- 
cording to equation (34) o f Rappapo rt et alj jl983l) with 7 = 4. 
Following IPodsiadlowski et al. C 20021) , we reduce the strength of 
the magnetic braking by an ad-hoc factor exp (1 — 0.02/qconv), 
where Qconv is the mass fraction of the convective envelope of the 
donor star and assume that magnetic braking abruptly shuts off 
when Qconv = 1- Angular- momentum loss owing to gravitational- 
wav e emission is taken into account with a standard prescription 
(e.g. lLandau & LifshitJl973) . 
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Figure 2. Abundances in a 0.2 Mq helium white dwarf donor (top) and a 
0.421 Mq hybrid white dwarf donor (bottom) as function of internal mass 
coordinate. The abundance of He in the helium white dwarf is 0.98. For 
the hybrid dwarf we do not plot hydrogen-rich outermost 0.006 Mq. The 
hehum white dwarf is the descendant of a 1 Mq star, the hybrid white dwarf 
descends from a 3 Mq star. 



2.1 The white dwarf channel 

For the AM CVn stars the donors are expected to be helium white 
dwarfs, as heavier white dwarf donors would either lead to un- 
stable mass transfer and a complete merger of the system or to 
mass-transfer rates far in excess of the Edd i ngton Umit for th e 
accreting white dwarf jNelemans et"al]|200ll : iMarsh et alj|2004h . 
The most massive donors are expected to be no more massive than 
about 0.3 Mq. They are bom with hydrogen-heUum envelopes of 
about 0.01 Mq. For UCXBs similar mass-transfer stability argu- 
ments have led us to conclude that the donors must have masses 
less than about 0.45 Mq t Yungelson et al. 2002) allowing helium 
white dwarfs and hybrid white dwarfs as donors. Hybrid WDs have 
C/O cores and thick (about 0.1 Mq) He-C-0 mantles and some 
H in the outermost layers (see Fig. Hybrid white dwarfs are 
the remnants of low- or intermediate-mass stars that overflow their 
Roche lobes prior to non-degenerate helium ignition in the core 
dlben&Tutuko^l 19851 : iHan et al.ll200ol ; IChen & Han|[2002l l2003l : 
iPanei et al.ll2007h . 

In Fig.|2]we show the abundances of He, C, N and O for a he- 
lium and a hybrid white dwarf as function of internal mass coordi- 
nate. The composition of the helium white dwarf is obviously dom- 
inated by helium with CNO abundances according to the equilib- 
rium of the CNO cycle while that of the hybrid white dwarf donors 




Mdon=r,i/Mo 

Figure 3. Abundances in the centres of helium white dwarf donors as func- 
tion of their progenitor mass and metallicity. Solid lines connect markers 
for Z = 0.02, dashed lines - for Z = 0.01, dotted lines - for Z = 0.001. 



is dominated by O and C because the helium mantle is very quickly 
lost, in the first few Myr after Roche-lobe overflow (RLOF), at very 
short orbital periods (less than about 15 min). The interior parts of 
the stars which are of interest (Air 0.1 Mq) are virtually homo- 
geneous so we do not have to do the actual binary evolution calcu- 
lations of the white dwarf donors but can simply map the internal 
structure of representative donor stars t o the expected abundance s 
as function of period, just as we did in iNelemans & Toull ( l2003h . 
In doing so, w e used the mass-radius relat ion for zero-temperature 
white dwarfs l lVerbunt & RaDpaport|[T988h and neglected the typ 



ically small effects of finite en t ropy of the donors (e.g. iBildster 
iDelove & BildsteiJ l2003l : iDelove et alj|2005l : lOelove et al 



2002 

1 20070 . The donor s tars have an outer c onvective zone that gradually 
penetrates inward jPelove et all2007l) . This changes the composi- 
tion of the transferred material but again only at very short periods, 
at which hardly any systems are observed. 

The equilibrium CNO abundances dep end on the temperature 
of the stellar core (e.g. lAmould et all 19991) and thus differ for dif- 
ferent mass main-sequence progenitors of the helium white dwarfs. 
We therefore calculated the inner structure of helium white dwarfs 
descending from progenitors with masses of 1, 1.5 and 2Mo. In 
Fig. [3] we show the resulting central abundances as function of the 
progenitor mass and metallicity. As Fig.|2]shows, these abundances 
are well representative for the entire interior of white dwarf and be- 
cause the central abundances do not change during the growth of 
the helium core, they are the same for all helium white dwarfs de- 
scending from the same progenitor. The plot shows that the abun- 
dance ratios, the distances between the lines, which are easier to de- 
termine observationally, differ for different progenitor masses and 
hence can in principle be used to constrain these. Metallicity also 
plays a role but, for the remainder of this article, we focus on Solar 
metallicity because we are mainly concerned with relatively nearby 
objects that predominantly come from the thin disk. 

For the hybrid white dwarfs the C and O abundances are ex- 
pected to be mainly a function of the mass of the helium core and 
not the details of the preceding evolution. We computed a set of 
evolutionary sequences for binaries with primary masses of 2.5 and 
3 Mq and compared the resulting hybrid white dwarfs with hy- 
brid white dwarf s formed as a result of evolution of helium stars 
dYungelsonlboOSL Section |2^ . Indeed, the abundances for similar 
helium core/star masses are quite similar. We use a grid of hybrid 
white dwarfs in the range 0.35 < M/Mq < 0.65. 
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2.2 The helium star channel 

Detailed evolutionary calculations of binaries consisting of a low- 
mass helium star and a white dwarf are presented in .Yungelson 
(l2008h and we refer the reader to that paper. Initial models of 
helium stars were constructed from a 0.46 M0 core of a star 
with ZAMS mass of 3.16 M©. Initial abundances of species 
were Y = 0.98, Xc = 0.00017 Xn = 0.013, Xp = 0.00073, 
Xnb = 0.00185, Xms = 0.00068. Fvtoigelsoj J2003) assumed no 
mass loss from the binary for systems with initial helium star 
masses of 0.35, 0.4 and 0.65 Mq. However, thermonuclear explo- 
sions at the surface of the accreting white dwarfs may cause the 



19871: 



mass transfer to be non-conservative (e.p. I lben & Tutuko' 

llben&Tutukovlll99ll : lYoon & Langerll2004lBildsten et al.lf2007h . 
A repeat of the calculations for completely non-conservative evo- 
lution (the lost matter takes away specific angular momentum of 
the accretor, i.e. we mimick in this way helium nova explosions) 
yielded virtually identical abundances as function of orbital period. 
We also ran two sets of calculations, completely conservative and 
completely non-conservative, for the case of a neutron star accre- 
tor with initial helium donor masses of 0.35, 0.65 and 1 M© and 
again found no significant difference in the abundances as function 
of orbital period. 

Because the onset of mass transfer from the helium star 
strongly suppresses the helium burning (e.g. Savonije et al. 1986, 
figures 3 and 4), the chemical composition of the core of the donor 
depends sensitively on the moment at which the helium star fills 
its Roche lobe. We use evolutionary calculations for binaries that 
start mass transfer almost immediately after the common-envelope 
phase in which the helium star is formed, as well as systems that fill 
their Roche lobe just before core helium exhaustion. In this way the 
complete range of expected abundances can be probed, although we 
would like to note that the extremes of this range will likely be rare 
in practice, because the periods need to be fine tuned. We discuss 
this in more detail in Section[3] 

In Fig. |4] we show a representative set of evolutionary se- 
quences for binaries with helium donors and white dwarf/neutron 
star accretors. The full set of sequences is published on-line. For 
each sequence we plot the surface abundances of the transferred 
material, the mass transfer rate, donor mass and orbital period as 
function of the time since the onset of RLOF. This allows full as- 
sessment of the evolution, both in the initial phase when the binary 
evolves to shorter periods at almost constant mass transfer rate of 
a few times 10~* M0 yr^^, as well as later, when the system has 
passed its period minimum. Before the period minimum stars lose 
matter that was outside the convective core in the helium-burning 
stage so the material is helium rich, with CNO abundances corre- 
sponding to the CNO cycle equilibrium for relatively massive stars 
that are typical progenitors of helium star^. Shortly after the pe- 
riod minimum (or for the most evolved donors already before pe- 
riod minimum) helium burning products, most notably C and later 
O, come to the surface. Depending on the initial period of the bi- 



^ It has been proposed that many of the subdwarf B stars in the Galaxy 
are produced by low-mass stars with degenerate cores that experience a 
helium flash just after losing th eir hydrogen envelope in an enhanced stellar 
wind or binary interaction (e.g. lD'Cruz et alj|l996l iHan et alj2002l) . These 
helium stars would have different equilibrium CNO abundances, more like 
the helium white dwarfs. However, in our population estimates (Section [5) 
we find that these systems are typically too wide for RLOF during core 
helium burning. 



nary the enrichment by C and O can be very mild, or C and O can 
dominate even He. 

In the top row of Fig. |4] we plot sequences for an initially 
0.4 M0 helium star donor transferring material to an initially 
0.6 Mq white dwarf accretor. The leftmost plot is for the case of 
a post-common-envelope period of 20 min, in which RLOF starts 
almost immediately after formation of the helium star and very lit- 
tle helium burning occurs, so He, N, O and ^^Ne abundances are 
virtually unchanged. However, after the period minimum the car- 
bon abundance increases substantially. For an intermediate post- 
common-envelope period of 80 min, there is a dramatic change of 
abundances around period minimum because the layers which were 
in the core and experienced some He-burning are exposed and for 
most of the AM CVn evolution C and O (and even ^^Ne) dominate 
over N. The He abundance is noticeably reduced. Finally for the 
most evolved donor, with initial period of 130 min (helium abun- 
dance in the core at RLOF Yc ~ 0.07), the changes are even more 
dramatic and O and C dominate even over He. Nitrogen becomes 
extinguished even before Porb.min- Note that in the most extreme 
cases He-burning continues for some time after RLOF but He is 
still not completely burnt so significant amounts of He should still 
be detectable, contrary to hybrid white dwarf donors. 

In the bottom row of Fig. |4] a number of evolutionary se- 
quences for systems with neutron star accretors are shown. The 
leftmost panel is again for fairly short initial period of 60 min and 
shows quite a change in C but not much in the other elements. The 
middle plot is for the sequence with the longest initial period for 
which RLOF starts when the star almost totally burnt helium in its 
core (Vc « 0.06) and looks very similar to the most evolved donor 
shown for the sequence with a white dwarf accretor. The bottom 
right plot is for a He star plus neutron star system with initial donor 
mass of 0.65 Mq and initial orbital period close to the minimum 
possible for such a system, 35 min It shows that at a given orbital 
period there may be a scatter of a factor of several in abundance 
ratios, depending on the initial mass of the donor. 

A peculiar evolutionary path is followed by initially relatively 
massive helium stars (more than about 0.65 M©) with neutron star 
companions. These overfill their Roche lobes after burning of a sub- 
stantial fraction of helium in the core and continue He-burning dur- 
ing the semidetached stage of evolution. For instance, the system 
with A/ho = 0.80 Mq and Pq = 70 min starts mass loss when 
Yc ~ 0.643 and proceeds along a conventional evolutionary track. 
In a slightly wider initially system with Pq = 75 min, RLOF oc- 
curs when Yc ~ 0.56 (see Fig.[5]l. In this system the donor detaches 
from its Roche lobe when its mass has decreased to 0.52 M© and 
Yc ~ 0.006. The orbit continues to shrink and mass exchange re- 
sumes in the helium-shell burning stage. However, when the donor 
mass is more than about 0.45 M0, mass loss cannot be stabilised 
by mass and ang ular-momentum loss from the system (by isotropic 
re-emission, see I Yungelson et al."2002) and the ensuing mass loss 
proceeds on a dynamical time scale (see Fig.[5j. Thus, such a sys- 
tem does not contribute to the helium star channel for UCXBs. Evo- 
lutionary sequences for 1 Mq donor stars follow a similar path ir- 
respective of the amount of He burnt prior to RLOF. The details 
of this type of evolution will be discussed in a forthcoming paper 
(Yungelson et al. in preparation)0 Thus, there are two factors lim- 
iting the helium star channel for the formation of ultra-compact 



For systems with white dwaif accretors such an evolutionary path was 
encountered for a (0.65 -I- 0.8) M© system in which the He-star had Yc ~ 



0.19 at RLOF jYungelsoj20oi) . 
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Figure 4. Overview of the evolution and abundances for lielium star donors in ultra-compact binaries, showing surface abundances (top), mass-transfer rate 
(middle) and donor mass (bottom) as a function of time since the start of Roche-lobe overflow. The binary period is indicated by the solid circles in the bottom 
panels for periods of Porb = ^orb.min. 15, 20, 25, 30, 35 and 40 min (left to right; not all tracks reach beyond 30 min). The initial periods are indicated in 
the bottom panels. Top row are sequences with white dwarf accretors, in the order of increasing initial orbital period and thus amount of He-processing before 
RLOF. The bottom row is for neutron star accretors, with two different initial helium star masses. 



binaries, the maximum post-common-envelope period for which 
mass transfer still starts during core helium burning and a limit- 
ing mass above which the system detaches as described above (see 
also Fig. [Toll. 



2.3 The evolved main-sequence star channel 

The formation of ultra-compact binaries from main-sequence 
donors requires two conditions. First, the initial periods are such 
that the progenitors fill their Roche lobe close to the end of the 
main sequence. Second, angular momentum loss drives the compo- 



nents together at a sufficient rat e that the ultra-short periods can be 
reached within the Hubble time (Tutukov et al Tutu kov et al.l 

ll987l : |Podsiadlowski et al.ll200alvan der Sluvs et al. 20oil 



We focus here on ultra-compact binaries that have lost (al- 
most) all of their hydrogerQ, using as an example, results of a de- 
tailed calculation for a system with a 1.0 Mq white-dwarf accretor 
and a 1.0 Mq donor, taken from a grid computations (Van d er Sluys 
et al. in preparation). We follow Ivan der Sluvs et .Zl ( |2005|) and as- 
sume all the mass accreted by a white dwarf is expelled from the 
system by subsequent nova explosions, taking with it specific angu- 
lar momentum of the accretor. This is justified by the fact that mass 
loss from the donor is always below 10~* M© yr~^, the approxi- 
mate upper limit of ac cretion rates at which strong nova explosions 
occur (e.g. lYaron et al.ii2005) . Systems with initial abundances of 



We will briefly discuss the few cataclysmic variables with periods below 
the period minimum in Sect. 15.31 
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Figure 5. Evolution of a helium star companion with A/q = 0.8 Mq to a 
neutron star in a system with initial period of 75 min as a function of time 
since the start of Roche-lobe overflow. Top is the abundances in the stellar 
core, middle is the mass-transfer rate and bottom is the donor mass. 
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Figure 6. Surface abundances of evolved main-sequence donors as func- 
tion of orbital period for the phase of evolution close to the period mini- 
mum. The track with the shortest period minimum and the one that has a 
period minimum just below 70 minutes as well as two intermediate cases 
are shown. 

X = 0.7, Z = 0.02 and initial periods between 2.43 and 2.89 d 
reach a period minimum below 70 min. within 13 Gyfl 

In most cases the period minimum is only mildly shorter than 
70 min. This is because unless the donor is very evolved, it be- 
comes completely mixed and for 0.4 the minimum period 

* This period limit is appropriate because the longest currently known pe- 
riod of an AM CVn star (CE 315) is 65.1 min. 
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Figure 7. Internal chemical structure of the last models of the tracks with 
evolved main-sequence donors. For the He, C, N and O abundances only the 
two (three) extreme tracks are shown, all other tracks fall within that region. 
The H abundance is shown for all tracks, ranging from the least evolved, that 
has a period minimum just below 70 min (top heavy solid line), to the most 
evolved system (heavy solid line just visible in the right bottom comer). 



is ^ 70 min. l' NeIsonetai]|l986L consistent with this work). In 
Fig.[6]we show the resulting surface abundances of four tracks that 
avoid mixing and thus evolve to shorter period. The H abundance 
decreases because the inward penetration of the outer convection 
zone, but before period minimum never drops below 0.01. He is 
enhanced and C, N and O evolve towards equilibrium, but typically 
have N/O ~ 2, while in helium white dwarf descendants of more 
massive stars N/O is close to 10. 

We were not able to evolve the models far past period min- 
imum, but the further abundance evolution can be illustrated by 
looking at the internal structure of the last models (Fig. |7j. The 
surface convective region penetrates deeper and deeper until the 
donor s become fully mixed, in agreement with other calcula- 
tions (Tutukov et al. 1985: Tutuk ov et alJl987l : lFedorova & Ergmal 
[1989; Nelson & Rappaport 2003^. We cannot follow the balance of 
losing less processed material on the outside and progressive mix- 
ing, but the limiting abundances are set by the current outer and in- 
ner abundances. As can be seen in Fig.|7]the amount of H that is still 
present in the donors after the period minimum depends strongly 
on the initial period and may change significantly owing to mix- 
ing. We cannot at the moment say more than that the H abundances 
can be anywhere from 0.2 down to below 10~^, with only the up- 
per limit possibly affected by mixing. In more extreme cases than 
presented above, when the donor alrea dy has a tiny helium core 
at RLOF, the H abundance may be zero jFedorova & Ergmall 19891: 
iNelson & Rappaport l2003h but for a 1 Mq star this may require 
more than a Hubble time of evolution. In any case, such systems 
should be exceptionally rare. The abundances of elements other 
than hydrogen do not vary much and are similar to those of nor- 
mal helium white dwarfs descended from 1 Mq stars but may have 
slightly less He, N and C and slightly more O. 

Thus the donors in this channel still have hydrogen, although 
it can be at the fraction of per cent level. However, H lines in 
the optical spectra are so easily formed that even for number ra- 
tios H/He ~ 1/100 hydrogen should be s till detectable (e. g. 
IWiUiams & FergusoiJI 19821; iMarsh et alJl99ll ; lNagel et alj2009l) . 
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Figure 8. Progenitor masses of the helium white dwarf donors in AM CVn stars (left) and UCXBs (right). 



3 EXPECTED PROGENITOR POPULATION: WHAT 
ABUNDANCES DO WE EXPECT? 

In order to get an idea of the expected abundance patterns typ- 
ical for the different formation channels we have a look at the 
progenitors of the donors indicated by population synthesis cal- 
culations. We caution here that the parameters entering calcula- 
tions are still not well restricted and these results should be in- 
terpreted with care. Most of the results presented here f or AM 
CVn stars are from the calculations of iNelemans et al.l ( l2004h . 
They used an angular momentum balance formalism for the de- 
scription of unstable m ass transfer bet ween components of com- 
parable masses ( Nelemans et al. and a time and position 
dependent star-formation history based on the Galaxy model of 
iBoissier & PrantzosI Il999h . 

For UCXBs we consider only systems in which neutron 
stars formed through core-collapse following the formation of 
an iron core. That means we do not consider the possibility 
of formation of ne utron stars via accretion- induced collapses of 
white dwarfs (e.g. iNomoto & Kondclll99ll) . In our assumptions 
we followed t he modelling of the population of G alactic binary 
neutron stars ('Portegies Zwart & Yungelson" 1999) with updates 
presented for example by Lommen et al. (2005). We note that 
iBelczvnski & TaamI ( |2004|) find that accretion induced collapse of 
a massive ONe white dwarf in an ultra-compact binary is the dom- 
inant formation channel for UCXBs. They find similar numbers 
of helium (60%) and hybrid (40%) white dwarf donors and very 
few helium star donors. However, the relative fractions of sys- 
tems formed via different channels are very sensitive to the pop- 
ulation synthesis parameters. For UCXBs, the crucial parameters 
are the common-envelope efficiency and the efficiency of accretion 
on to white dwarfs. We will address these issues in the forthcoming 
study. 



3.1 White dwarf channel 

As discussed in Section [ZTI for the AM CVn systems we expect 
only helium white dwarf donors in this channel, so that any differ- 
ences in the abundance patterns should be due to the main-sequence 
mass of the progenitor. In Fig. [8] (left panel) we show a histogram 
of the expected progenitor main-sequence masses. The distribu- 
tion is fairly flat between 1 and 2Mq, so that no strong bias for 
the abundance patterns is expected. A similar plot but for the he- 
lium white dwarf donors in UCXBs is shown in the right panel of 
Fig. [8] Again, no strong bias towards either low or high masses is 
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Figure 9. Histogram of the initial mass distribution of white dwarf donors 
in UCXBs. The majority are helium white dwarfs, with masses below about 
0.35 M0, with a smaller contribution of hybrid white dwarfs with slightly 
higher masses. 

expected. For UCXBs, in addition to helium white dwarfs, hybrid 
white dwar f donors also are allow ed from mass transfer stability 
arguments ( I Yungelson et alj[2002l) . In Fig.[9]we show the distribu- 
tion of initial white dwarf masses of the donors in UCXBs. The 
low-mass helium white dwarfs dominate the expected population. 
A detailed comparison of the population of UCXBs with the ob- 
served systems is deferred to a forthcoming study of that issue. 



3.2 Helium star channel 

For the helium star channeif] the abundance patterns depend com- 
pletely on the initial post-common envelope period of the binary 
system, as longer initial periods lead to later RLOF, when the he- 
lium star has burnt more of its helium in the core. We classified the 
abundance patterns according to a simple scheme based on the fact 
that during helium burning, first the C abundance starts to rise, un- 
til it becomes larger than the N abundance, then the N abundance 
starts to drop and the O abundance becomes larger, until N drops 
below both C and O. Finally the He abundance starts to drop and 



^ We identify here ultra-compact binaries with systems that passed through 
the period minimum and are already homogeneous (Porh ^ 20 min, see 
Fig. 0. 
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Figure 10. Distribution of helium star masses and orbital periods for binaries forming AM CVn stars (left) and UCXBs (right) via the helium star channel. 
Over-plotted are the different classes of abundance patterns ranging from almost completely unprocessed (circles, Xq,Xq < X-^ < Xhc). via two 
intermediate steps (triangles Xq < X^ < Xq < Xhc. diamonds X^ < Xq, Xq < Xjjc) to strongly processed material (squares < Xho < 
or Xq). Crosses mark initial parameters of the systems in which the donors complete He-burning during mass transfer, detach from their Roche lobes and 
resume mass transfer after evolving into hybrid white dwarfs. 



first the C and then the O abundance starts to dominate (see Fig.|4]l. 
The categories we have are 

• unevolved {Xc , Xq < Xn < Xua) for systems with initial 
periods very close to the periods of RLOF, 

• two intermediate steps (Xq < Xt^ < Xc < Xhc) and 
(Xn < Xc, Xq < Xuc), 

• and strongly processed (Xn < Xhc < Xc or Xq) for 
systems that have almost exhausted helium before RLOF. 

In Fig. [To] we show the expected distribution of helium star 
masses and orbital periods of the progenitors of AM CVn stars and 
UCXBs that form via the helium star channel. The details of this 
scenario for the formation of UCXBs will be discussed in our forth- 
coming paper on the Galactic population of UCXBs. The different 
abundance patterns are over-plotted as the symbols. Although there 
is a concentration of systems towards lower masses and shorter pe- 
riods, a mixture of abundance patterns is expected from the helium 
star channel. We would like to stress here once again that while 
abundances for given Pi and A/hc are rather firmly set by evolu- 
tionary computations, the distribution of underlying systems is a 
sensitive function of input parameters of population synthesis. 



3.3 Evolved main-sequence star channel 

For the evolved main-sequence star channel, the main distinction 
in abundances arise via the mass of the main-sequence star and the 
extent of H-exhaustion at the moment of RLOF. Extremely narrow 
ranges of initial masses and orbital periods which can lead to peri- 
ods s horter than about 70 min. in a Hubble time (see grids of mod- 
els inlPodsiadlowski et al.' 20031: Ivan der Sluvs et alj|2005l) lead to 
a fairly small range of expected abundance ratios of CNO-group 
elements. Fl/He in this channel may vary by two orders of magni- 
tude (see Figs.[6]and[7]( and in extreme cases may drop to zero, if 
H becomes undetectable. 



4 DIAGNOSTICS FOR DETERMINING FORMATION 
CHANNEL AND PROGENITOR PROPERTIES 

As we have seen in the previous sections, different proposed pro- 
genitors to ultra-compact binaries do have different chemical com- 
positions but in particular the helium star channel shows a lot of di- 
versity and overlap with the other channels. We here discuss a pos- 
sible diagnostic to use if abundances and in particular abundance 
ratios or limits on them are available from the observations. In gen- 
eral the abundances and thus expected spectra are either dominated 
by He and N, or by C and O. We therefore first select on these two 
features. 



4.1 Sources showing N (and He) 

Helium white dwarf, helium star and evolved main-sequence star 
donors can be helium-rich with CNO abundances dominated by 
N. In Fig.[TT]we show the abundance ratios N/He, N/C and N/O 
for helium white dwarfs and helium stars. The N/C ratios are well 
separated, especially at periods above 20 min, with N/C < 10 
for all helium star models. This is true even for those that fill 
their Roche lobe virtually immediately after exiting the common- 
envelope phase, because of vigorous production of C by very mod- 
erate He-burning. N/C > 100 for all helium white dwarfs. Thus 
even non-detection of C may constrain the formation channels, at 
least if the upper limits on C are strong enough. If C is detected, 
the N/C ratio for helium stars gives a good indication of the extent 
of helium exhaustion before RLOF has started. 

For the helium white dwarf donors, once the very high N/C 
ratio has been determined and confusion with helium star donors 
is excluded, the N/O ratio may actually put interesting constraints 
on the progenitor mass of the helium white dwarf. This ratio ranges 
from about 2 for descendants of about 1 Mq stars to more than 
about 10 for descendants of about 2 M0 stars (Fig. [TT] lower 
panel). 
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Figure 11. Abundance ratios (by mass) N/He, N/C and N/O for the helium 
white dwarf (solid line) and helium star (shaded regions with dashed lines) 
donors as a function of orbital period. The shaded regions show the range 
covered by the many different helium star tracks, although the bottom of the 
range extends to 0. Dashed lines show the abundance ratios of the helium 
star donors shown in detail in the upper panel of Fig. |4] The helium white 
dwarfs are descendants of I, 1.5 and 2 stars (top to bottom in two upper 
panels and bottom to top in the lower one). We plot the central abundance 
ratios, which should be a good representation for the whole period range and 
do not depend on the initial helium white dwarf donor mass. In particular 
the N/C ratio seems to be a good discriminator of the different formation 
channels. 




Figure 12. Abundance ratios (by mass) O/He and O/C for the hybrid white 
dwarf (dotted lines) and helium star (shaded region and dashed lines) donors 
as function of orbital period. The dashed lines correspond to the tracks in the 
upper panel of Fig.|4] The hybrid white dwarfs have initial masses between 
0.35 to 0.65 M0 and we show their central abundances. These should be 
a good representation for the whole period range. The ranges of ratios for 
hybrids formed by case B mass exchange and hybrids that descend from 
helium stars overlap. Hybrid donors have lower O/C for higher mass. Note 
that He is absent in the interiors of hybiid white dwarfs. 



4.2 Sources showing C or O 

When the donors have experienced significant hehum burning, as 
for some helium star donors and for hybrid white dwarf donors, the 
N may decrease to undetectable levels or be totally burnt but He, C 
or O may show up. In Fig.[T2]we show the expected O/He and O/C 
ratios for helium star donors and hybrid white dwarf donors. As 
expected there is no He left in the hybrid white dwarf donors and 
the O/He ratio increases from less than 0.01 to more than 10 with 
increasing fraction of burnt helium in the helium star donors. The 
most evolved helium star donors have similar O/C ratios as the most 
massive hybrid white dwarf of about 0.65 Mq, with values around 
3, but the more relevant and lower mass hybrids have higher ratios, 
around 10. 



5 APPLICATION TO OBSERVED BINARIES 

Optical and X-ray observations of ultra-compact binaries have pro- 
vided limits on the presence of certain elements, in particular, H, 
He, C, N, O and ^^Ne, Si, Ca and Fe. We separate the two classes 
in this discussion on the application of our findings to the observed 
binaries. A caveat has to be made that it is not easy to determine 
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abundances from observed spectra, because of uncertainties in the 
structure of accretion discs. 



5.1 AM CVn stars 

In the upper part of table [T] we list the detected elements in AM 
CVn stars. Observationally, their optical spectra fall in two cate- 
gories, emission line spectra for the longer period systems (plus 
ES Cet) and absorption line spectra in the shorter period systems. 
The absorption line systems (AM CVn and HP Lib and the out- 
bursting systems in their high states) typically hardly show any el- 
ements other than He, with the exception of quite weak Mg and 
Si lines in AM CVn. More promising are the emission line sys- 
tems, in which N lines, in addition to the very strong He lines, are 
always detected if the appropriate spectral range is observed. In 
particular GP Com has been studied in detail, with strong limits 
found on the presence of C and O from the abs ence of C lines an d 
weakness of the O lines in the optical spectra ( iMarsh et alj|l991 ). 
yieldin g estimates of N/C > 100 and N/O « 50. iMarsh et al.l 
(I199j) report the discovery of C in the UV spectrum of GP Com 
and, scaling the line flux ratios to those observed in CVs, they es- 
timate N/C ~ 10. However, they comment on the fact that this is 
incompatible with earlier optical results and suggest the UV may 
underestimate the N abundance. For CE 315 (V396 Hya), a simi- 
lar conclusion can be drawn because the system is very similar to 
GP Com (see Nagel et al. 2009). From UV spectra Giinsicke et al. 
12003) derived a flux ratio of Niv/Civ > 14.5 in agreement with 
CNO processing. For GP Com and CE 315 the puzzle is the ab- 
sence of heavy ele ments such as Mg, Si, Ca and Fe that would be 
expected. This led ' Marsh et alJ l ll99l l) to suggest a low metallicity 
for the progenitor and leaves the question of where the abundant N 
has come from. In any case the high N/C (assuming the UV esti- 
mate in GP Com indeed is a lower limit) points to a helium white 
dwarf donor (Fig.ll lb. while in that case the high N/0 ratio points 
towards a progenitor of the helium white dwarf on the high mass 
side. A similar conclusion can be drawn for the most recently dis- 
covered AM CVn star (SDSS J0804-F16) for whi ch N/C > 10 and 
N/O > 10 have been derived (IRoelofs et al.ll2008l) . 

Some lim its have been deri ved from the X-ray spectra of 
AM CVn stars. IStrohmaveJ ( |2004|) derives detailed abundances for 
GPComof Xho = 0.99, Xn = 1.7 x 10"^Xo = 2.2 x 
10-^XNc = 3.7 X 10-^Xs = 2.3 x 10-'',Xpc = 8 x 10"^ 
and a limit on C Xc < 2 x 10~^. This is roughly consistent 
with the results from the optical spec tra, except for a lower N/O 
ratio of about 8. iRamsav et alj j2005l) find slightly higher values 
Xn = 3 X 10~^Xo = 6 X 10"^, a ratio of N/O = 5. 
iRamsav et all ( I2005ll2006l) find, in addition, evidence for enhanced 
N in AM CVn, HP Lib, CR Boo, SDSS J1240-01 and CE 315, as 
expected from the He-rich optical spectrum. 

For the other AM CVn systems, the determination of the donor 
type is not so clear. Prominent N lines manifest themselves in the 
red part of the spectrum and that is also where the strongest C and 
O lines would show up, if they would be present. However, most 
studies of AM CVn stars have been made in the blue part of the 
spectrum. For SDSS J1240-01 there is a red spectrum in which 
indeed the N lines, as w ell as quite strong S i lines are detected but 
no sign of C or O lines jRoelofs et alj|2005h . Although no detailed 
calculations have been made, a simp le estimate, with the same LTE 
mo del that was used by Marsh et all ([199 1), N elemans et al.l (l2004l) 
and IRoelofs et alj (l2008h suggest that N/C > 1 without doubt. 
This rules out hybrind white dwarf donors and helium star donors, 
except the least evolved ones. 



5.2 Ultra-compact X-ray binaries 

In table[T]we also list the detected elements in UCXBs. These come 
from X-ray, UV and optical spectroscopy, as well as abundances 
inferred from the properties of type I X-ray bursts. Unfortunately 
in many cases the detection of elements is uncertain and, even in 
the cases where the detections are solid, it is typically impossible to 
derive meaningful ab undance ratios because model spectra are not 
yet very realistic (e.g. lNelemans et alj2004l : lwerner et al.ll2006h . 

The extremely short orbital period of 4U 1820-30 led to the 
suggestion that the tran sferred mater ial in thi s system must b e 
hydrogen-deficient (e.g. iTutukov et"al. 1987: Morgan et al.lll988h . 
The properties of type I X-ray bursts has led to the conclusion that 
the transferred material in 4U 1820-30 is indeed helium, possibly 
with a small amount of H teildsten|[T993 ; ICum ming 2003). This 
is consistent with an evolved main-sequence donor if H really is 
present, o r with a helium whi t e dwa rf or helium star donor if not. 
However, Ivan der Sluvs et al] ( |2005|) have shown that, even with 
full magnetic braking, this scenario can be discarded because it re- 
quires very finely tuned initial parameters and predicts many sys- 
tems with 10 < Porb /min < 60 for each observed 10 min binary. 

For many other systems there are now optical spectra that 
show no evidence for any H (or He in many cases), while all longer 
period low-mass X-ray binaries always show strong H lines. How- 
ever, the accretion disc spectral models of Werner et al. (2006) sug- 
gest that amounts up to 10 per cent of H and He could remain un- 
detected. 

The best constraints are found for 4U 1626-67 and 
4U 0614-1-09, for which optical spectra exclude large amou nts of H 
or He and show C and O lin es (Nelemans et al. 2004; Wer ner et al.l 
I2OO6I ; iNelemans et"ai]|2006l) . The X-ray spect rum of 4U 1626-6 7 
shows double peaked O and Ne emission lines dSchulz et al.l200lh . 
while its UV spectrum shows strong C and O lines but not the 
usual He and N lines. This all suggests evolved helium sta rs or hy- 
brid w hite dwarfs as donors for these two svstems. Nelemans et al.l 
( I2OO4I) show that the optical spectrum of 4U 1543-62 is similar 
to that of 4U 0614-1-09. This suggests a C/O rich donor too. The 
low S/N spectra of 2S 0918-54, XTE 0929-314 and A 1246-58 are 
difficult to classify, although A 1246- 58 shows some hints of de- 
tected C and O lines but not He lines din't Zand^et al. 2008) . Now 
lin't Zand et al. I ( I2OO5I) suggest, based on the type I X-ray bursts, 
that the donor of 2S 0918-54 is more likely helium rich. The op- 
tical spectrum of 4U 1916-05 does not show strong He lines but 
is still best fitted with a He/N mixture. Finally, the broadband UV 
spectrum of M1 5 X-2 is consistent with quite strong emission lines 
of C and/or He jPieball et alj2005t) . 

We therefore conclude that there is evidence for at least two 
helium star or hybrid donors (4U 1626-67 and 4U 0614-1-09) but 
more detailed observations are needed to classify the rest of the 
observed systems. 



5.3 Cataclysmic variables below the period minimum 

Several population I hydrogen-rich dwarf novae are known to ap- 
parently have periods significantly below 80 min The SU UMa 
type dwarf nova IRXS J232953.9+062814 has an orbital pe - 
riod of 64.2 min ( Thorstensen et al.l [20o3 ; lUemura et d] l2002h . 
iThorstensen et al.l 2002h report for this system an Ha to He I 
A6678 ratio of 3.6, by at le ast factor 2 lower tha n typical for 
SU UMa stars. According to IGiinsicke et all ( |2003|) this system 
also has an anomalous ly high Nv/CiV flux ratio. For V485 Cen, 
lAugusteiin et all j 19961) found an orbital period of 59 min This pe- 
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Table 1. Detected elements in AM CVn stars and UCXBs. X marks the absence of certain element, while it should be detectable if present, y/ detection of the 
element, ? possible detection, dash no information. 



Object 


H 


He 


c 


N 


o 


Ne 


Ma 


Si 


Ca 


Fe 


Notes and references 


ES Get 


X 


V 


7 


7 














Bowen blend, i.e. N and/or C (1) 


AM CVn 


X 






7 






J 

V 


J 

V 






Estimate X.^ =0.03 from X-rays (2) 


HP Lib 


X 






7 














Estimate Xjv =0.02 from X-rays (2) 


CR Boo 


X 






7 














Estimate Xjv = 0.015 from X-rays (2) 


V803 Cen 


X 


















7 


(3) 


CPEri 


X 




















(4) 


2003aw 


X 




















(5) 


SDSS J1240-01 


X 




X 




X 












(6) Certainly N/C > 1 


SDSS J0804+16 


X 




X 




X 




7 








N/OlO, N/0 >10(7) 


GPCom 


X 




X 


v/ 


X 




X 


X 


X 


X 


N/C > 100, N/6">5-10 (8-10, 2) 


SDSS J1552+32 


X 












yj 








(11) 


CE315 


X 




X 




X 




-X 


X 


X 


X 


(12, 25) 


4U 1820-30 


7 


7 


















He, possibly H [Type I X-ray burst (13,14)] 


4U 1543-62 


X 


X 


V? 


X 


V? 


7 










X-ray (15) and optical (16) spectra 


M15X-2 




? 


7 
















UV spectrum (17) 


4U 0614-1-09 


X 


X 




X 




7 










X-ray (18) and optical (16,19) spectra 


4U 1626-67 


X 


X 




X 














X-ray, optical and UV (20,21,19,22) 


2S 0918-54 


X 


7 


7 




7 


7 










X-ray bursts (23), optical spectra (16) 


4U 1916-05 


X 




X 




X 












Optical spectrum (21) 


XTE 0929-314 


? 


7 


7 


7 


7 












Optical spectra (21) 


A 1246-58 


X 


7 


7 




7 


7 










X-ray bursts and optical spectrum (24) 



Refer ence s (1) Steeghs e t al. iii pre p (2)lRamsay et al. 1 2005) (3) Roelofs et al. 1 2007), (4) Groot et~ai] )2001 )■ (5)lRoe lofs et al. ( 2006), (6) Roelofs et alj 
(7)lRoelofs et alj J20 0^, (8)lMarsh_et_al,Hl991) (9) Marsh et al. 1 1995) (10) Strohmaver 1 20041). (1 l)fRoelofs et al. (2007), ( 12^.Ruiz et at 1.200 Ih . 



IWemer et al. 



2001 



(13)lBildstenl 419951) (14)ICumming (2003) (15) Juett & Chakrabartv (2003) (16) Nelemans et al. (2004) (17) Dieball et al. (2005) (18) 
I (20) see lschulz et alj 1200 1ft (21) lNelemans et alj I200Q) (22)iHomer et aU i2002ft (23) iin't Zand et aU >2005i) (24) 

(25) lNageletalJj2009l) 



Juett et al. 



120011) (19) 



in't Zand et IlT ]2008h 



riod is even shorter than the period minimum estima te for popu- 
lation II hydrogen-rich cataclysmic binaries (70 min, IStehle et aP 
Il997t) . We may suspect that these stars belong to the evolved CV 
family, with an expected X ~ 0.1, Y ~ 0.9, see Fig.[6]but have to 
defer any firm conclusions until sufficient observational data have 
been obtained. 



6 DISCUSSION AND CONCLUSIONS 

We have computed the ranges of abundances (assuming initial So- 
lar metallicity) in possible donor stars of ultra-compact binaries for 
the three different proposed formation channels, the white dwarf 
channel, the helium star channel and the evolved main-sequence 
star channel. 

The main conclusion of our work is that we have derived a 
diagnostic for distinguishing the different channels (see Figs. [TTI 
andll2t. First, the presence of hydrogen unambiguously points to 
an evolved main-sequence donor and rules out all other channels 
and vice versa. Secondly, if no H is detected, absence of He and 
N may point to a hybrid white dwarf. Then if N is detected, the 
N/C ratio is an effective discriminant between helium white dwarf 
donors and helium star donors. The difference between He white 
dwarfs and He stars is that the former transfer matter with equi- 
librium N/C which mildly depends on the mass of the progenitor 
of the white dwarf (Fig. [3]l and is always about 100, while in the 
latter N/C has to be diminished unless He didn't burn at all. This 
is unlikely. Once this distinction is made, the N/0 and N/He ratios 
can give further information on the main-sequence progenitor mass 
for the helium white dwarfs or the initial post-common-envelope 
period of the helium star binary. If O or C is detected, the O/C ratio 
and the O/He ratio (or at least their limits) are effective to distin- 
guish hybrid white dwarf from helium star donors. In the former, 



He has to be extinct and Xo must exceed Xc by a large factor. In 
the latter, Xc, Xq and Xhb vary within a broad range. 

For the helium star channel the abundances are most variable 
and depend on the amount of helium burnt before RLOF. The least 
evolved donors have abundances similar to helium white dwarfs, 
but, owing to higher masses of their main-sequence progenitors, 
they have lower N/C ratios. In addition, even mild helium burn- 
ing in the core of a He-star progenitor immediately enhances the 
C abundance and brings the N/C ratio down. At the other ex- 
treme, there are similarities between descendants of the initially 
most evolved helium stars and hybrid white dwarfs which are dom- 
inated by C and O. However, as the helium stars begin to contract 
before helium burning is completed, even the most evolved helium 
star donors still have a mass fraction of He F « 0.01, in contrast 
to the completely He-deficient hybrid white dwarf donors. 

In the evolved main-sequence star channel, in the vast majority 
of cases there is still some H left in the donors. This distinguishes 
this channel from the other formation channels. The abundances 
of CNO-bicycle species are close to the low-temperature burning 
equilibrium. Only the models of the most extreme evolutionary se- 
quences, that evolve to very short periods, get rid of all their hydro- 
gen and may look like helium white dwarf donors with low-mass 
main-sequence progenitors. 

We have applied this scheme to the observed AM CVn sys- 
tems and UCXBs and conclude that, for a number of AM CVn 
stars, there is evidence for helium white dwarf donors (GP Com, 
CE 315 and SDSS J0804-I-I6). Neither H nor strong C nor O lines 
are found and this argues against evolved main-sequence, hybrid 
white dwarf or evolved helium star donors. For the UCXBs there 
are two systems (4U 1626-67 and 4U 0614-1-09) in which detection 
of C and O lines but no He lines suggests hybrid white dwarf or 
very evolved helium star donors. For one UCXB (4U 1916-05), the 
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detected He and N lines suggest a He white dwarf or unevolved 
hielium star donor. 

Anoth er open question is the presence of ^^Ne in the discs 
of UCXBs. ljuett et alj IzOOlh discovered an unusually high Ne/O 
ratio in the X-ray spectrum of 4U 0614+091 and, based on simi- 
larity of the spectra, claimed t hat se veral other X-ray sources are 
also UCXBs. l^gelson et alJ J2002h have shown that the transfer 
of Ne-enriched matter is possible in the late stages of evolution of 
UCXBs with hybrid dwarf donors, thanks to uncovering the layers 
enriched in Ne by gravitational sedimentation. However, later ob- 
servations showed that the deri ved Ne/O ratio is variable and thus 
that the Ne may be interstellar l ljuett & Chakrabartvll2005l) . 

We conclude that more detailed observations in combination 
with targeted searches for the ratios that we determined to be the 
best diagnostics are a promising method for determining the rela- 
tive importance of the formation channels for ultra-compact bina- 
ries. 

Detailed results of evolutionary computations for close binaries 
with helium-star donors and white dwarf or neutron star accre- 
tors and plots of the dependence of the masses of the donors, or- 
bital periods of the systems, mass-loss rates and abundances in the 
transferred matter on the time passed since RLOF may be found at 
www. inasan . ru/~lry/HELIUM_STARS/ . 
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